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ABSTRACT 

Backward elastic scattering of 71' on protons has been 
measured for incident pion momenta between 30 and 90 GeV/c 
and o<-u ~0.5 (GeV/c)'. The u-dependence of the cross 
sections is similar to that observed at lower momenta, and 
Regge models give acceptable fits to the data. 



AboYe 5 Ge”,c. the resonance co”trib”tion subsides and 

up t.3 20 cev,c the data shrill the following characteristic 

b*t”reS: 

1. The elastic differential cross section at u-0 for 

n+P interactions is larger uld” for n-p 

interactions. At 6 GN,C. the ratio n+/n- is $4. 

3. POT fixed incident monent”n, the dependence Of we 

differential cm88 section do/au on u near u - 0 is 

Of the form P. 

4. mr “+&I scattering. a sharp dip in ao,au is 

observed near -u - 0.15. NO such dip is observed 

for l-p scattering. 

Figure 1 shows some typical data existing prior to this 

*Xpcri!M”t. 

*lthoUgh several optical IKdel~ are capable of 

predicting peaks in the backward he.isphere(l2’13’ , none can 

!mtiSE.CtOrily explain the observed differences in magnitude 
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and shape between n+p and m-p backward scatbring. The best 

fits to the data were obtained with a model based on 

!+qgei.elJ tmryon exchange.(~5’16’ 

Typical ixryon elrclmnge diagrams f-x n-p backward 

elaseic scattering are show” in Plg”re 2. The *C.¶)tteri”g 

amplitude N for such a process in the rlegqe theory is 

vritten .s:l’ 

1 + i,;inaw II (Lll-l/Z 

H - F(“, 
COB “G(“, 

(i 9.2 

where P(U) - real function Of ” 

GC”, - *agw tra,ectory 

7 - *1 signature Of tra,ectory 

s is the total energy I” the ems 

so is a constant 

This gives a differentiail cross section Of the torn!: 

do/a” s I*/ = f(“, 5 

0 

al(u)-* 

9 90 

This expression leads eo the prediction that da/d” for Pixed 

” varies as a power Of 9: at high energies 9 is proportional 

to e so that do/a” varies as a paver Of P. we Will make the 

conventional assumption of linear trajectories i.e. o(u) - 

ace, + I1’“. This assumption is &mewed to hold in the 

positi”e ” region Of me mew-Frautschi plot where the fit 

is to paztic1e mas*es. 
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predicted to vanish there. the small “due Of the C<OBcl 

section at the bottom Of the dip should reflect an upper 

llrnlC on the NT contribution. Also, since the HI trajectory 

lies below the ye , as determined from tile Chev-FraUtsEhi 

plots. Hle intl”enCe of the NT exclmnqe ShO”ld decrease with 

increasing mOment”m relati”e to N”. 

one striking prediction Of the Regge moode15 is the 

existence Of the dip in n+p backward scattering. ThC 

signature tern 1 + ire -inoc”) for the Nm trajectory vanishes 

at -u = 0.15 where a = -0.5,. and indeed the cross section 

becomes Small at mat ” Y?.l”I, as seen in Figure 1. NO 

corresponding dip is predicted in n-p, and none is observed. 

Pits to nfp backward scattering with N, and ‘I& trajectorie. 

were carried O”t in the lake 1950’s. and good agreenent 

reached; an example is show” in Figure 3. The trajectory 

parmeters obtained llere cL3ae to the Chew-Frautschi plot 

Yalues. 

Subsequent results frm polarizat*on experiments and 

rrom the -reaction n-p+nn-, which a180 may exchange N and d 

trajectories. could not be explained by this simple Regga 

model. More sophisticated models. incorporating adaltio”al 

trajectories. absorption and cuts, were proposed to fit the 

data. (h-20) AOwCVer, for n*p SEatteri”g near u-0 it wea 

believed eat the SiRpIe model would remain approximately 

valid. and ve later Inah comparisons between th‘s model and 

our data. 

“sing this Simple model. an imporeant prediction for 

data above 20 Ge”,c can be obtained. since the Na 

trajectory lies below the As. the Na amplieude falls more 

rapidly than the A6 with increasing rmnent”m, so that at 

high enough m.m!entum bOwI matterings Should be dominated by 

.a6 exchange. This leads to the prediction that the “+p 

cross section at u-0 should become s I,9 that CJC da-/a”, 

contrary to the Sit”ation at lover mamenta. me fit to law 

noR,entum results predicts the CT.389 secrions to cross at 430 
G*“,c. l16,18.21) I” aaaieion, the dip in the n+p angular 

distribution Should disappeilr *t high rmn!ent”ln. gradually 

Ming filled in by the COntrib”tion ProIn ele A6 excilaoga. 

mentually tile n+ angular distribution should becole simi1a.r 

co Gl.t Of n-. 
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peaked near u-0. Some data are shown in Figure 4. These 

results could not be explained by the conventlon*l Regge 

model. Models yere proposed’~~-2~’ which included the 

existence Of new (“on-rleqge, terms in the scattering 

amplitude. me effect Of such tems, Lk was argued, would 

not be seen sit lover nolnenta, due to small couplinqs. IJut 

WOOld have s lesser “mnent”m dependence than Regge terms an.3 

would eventually dominate. The experiment described here 
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the second (“backward”) was located just upstream of the 

hydrogen target to record the backward scattered pion. R 

threshold gas Cerenb” counter in the Loruard spectrometer 

identified me foCY*rd scattered particle as a proton. The 

actntillation Counter hodoscopes provided a rast. although 

imprecise. momentum-angle meaS”reme”t for each parkicle. pi” 

electronic comparison vss made between the forward and 

backward hodoscopes. an.3 any event whose correlation YSS 

Elase to ttmt expects.3 for an elastic SCatter gave a trigger 

which c~sused the *“formation ercm tile MWPC’S and other 

spectrmeter instru.entation to be recorded an magnetic tape 

for off-line analysis. RB Will be described in section Ild, 

mere were two diffcrene experimental layo”ts used for the 

torward spectrometer, in order to maintain resolution and 

acceptance over the incident mOme”t”m range from 30 to 90 

oev,c. me backward spectrometer was not chanqed during the 

cxperiraent since the bsckwsrd scattering kinematics *L-s 

relatively independent Of incident mmne”t”m. r*guce 5 shove 

the experimental layout tar 30 and 50 cev,c data taking. 

The experLrent used bearI for a total Of 1500 ho”rS 

including set-up tine. I\ summary of the data acquired and 

*“slyred during the experiment LS gimn in Table 1. A more 

detailed description of tile apparatus fO11OYS. 

PiO”S I” s beam Of know” momentum and direction were 

elastically scattered ott the protons in s liquid hydrogen 

target. me scattering angles and mosle*ts of the recoil 

pions and protons were measured in separate magnetic 

spectrame~ers, each consisting Of S” analysis magnet with 

scintillation COunteC hodoscopes and multiwire propcrtional 

chambers u4wPC’S’ on eimec sue to determine psrtic1* 

trajectories. 0”s spectrometer ,*forvard”,, downstream Of 

the hydrogen target, recorded the forward scattered proton; 
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Beam particles were recorded by two scintillation 

co”“ters WI, B2 in Figure 5,, togecler vith A. a halO veto 

Co”nter with a hole for the beam to pass through. me 

dinle”sio”s Of all counters are given in TSblS 2. 

Particle identification in the incident beam YSS 

provided by an IO meter long helium gas WIreshold Cerenko” 

counter C” located in the th‘rd section Of the beem line. 

With its pressure adjusked just above pion threshold. it 

elimi”atea triggers caused by proeons or kSO”S. me 

remaining muons and electrons were measured at every IXSR 

moment”la an.3 Flariky. The percentage Of mllons was 

determined by measuring beam transmission thrO”gh a 4.5 

meter iron beam stop, and varied between 1% and 2% depending 

0” beara momentuln. E~ectrans were measured with a lead glass 

shover counter. d”d vacie* fn7m ““108 Of the beala at 30 &V/c 

to s negligible fraction above 70 GS”,C. 

lit the hydrogen target the besIn sire YSS approximately 

3.8 cm in didmeter, with s diverqence Of *to.3 milliradians 

Sind s nominal mxne”t”sl spread Of t0.28. mere were 

approximstely 1.5.106 beam pions per 1 second synctmotron 

spill. The pion bean had the acce1erstor RJ tine Str”C~“re, 

and the pione arrived in “buckets.” *actI separated by 18.8 

“87 roughly 1 bucket Ln 35 was mcupled by s beam particle. 

A 32 element sctn~illatlon cO”nCeC hmioacape v.ss pldced 

s.t the second fOEUS (12, to messure the relative mml!entum of 

ssch incident pion. Each element was mm wide an.3 

b. Bea” 

This experiment Used the H6 besm in the Meson *res at 

Fermilab. me pions ver.s prcduced by .s 400 Ge” proton beam 

from the Permilab Proton Sy”dWOtZO” stri!iing a 

30.5 x 0.15 x 0.15 cm beryllium target. Secondary particles 

produced at a 2.5 mr horirontal sngle were collected, 

mmentu* analyzed and identified in a 120 meter long beam 

line, snd directed onto the liquid hydrogen target. h 

schelnatic layout Of the beam transport ccmponents is show” 

in Figure 6, and a more complete description is available in 

neferen~e 27. 

The beam contained three stages and three foci; each 

stage contained the sequence: wi”t-m-par‘lllel q”adr”poles, 

dipole, parallel-to-po*“t quadrupoles. me momentum 

acceptance OE the bCSnl wss dtflned by a collimator St the 

first IOCYS. During the experiment its apereure v*.? “*Tied 

to nbsin~ai” the desired flux on the liquid hydrogen target. 

Momentuln dispersian St the second focus was 4.412.m per 

I%bP,P,, and a momen*“m meaa”rlng Scintlllatio” counter 

hodoscope vss placed at this location. For this experiment, 

a parallel beam SC the liquid hydrogen target YSS desired, 

and so the final tIeam quadrupoles (Q,4-17 in Figure 6, were 

not used. 



DYerlapped its neighbor by one third giYi”q s spacia,l 

reaolu~io” Of mm; this corresponded to a mOmenC”Fl 

resolution of Hl.O24%. The absolute Value Of the central 

nwDIC”~“nl YSS set by means Of a ““clear magnetic resons”ce 

apparatus installed in a beam dipole. Two set3 of wire 

proportional chambers (WI and W2 in Figures 5 and 1) located 

22 and 3 meters respectively upstream Of the liquid hydroqc” 

target provided directional and positional information on 

each incident pion. Es& set contained bath x snd y plsncs 

with wire spacings Of *mm. 

C. Liquid Aydrcqe” Target 

The ts.Tgst YSS .s cylindrical vessel. 1 meter slang the 

ham direction and 7.5 cm in diameter , constructed Of 0.25mm 

mylar. The vessel was wrappea in 40 layers Of 6.4pm 

aluminized mytar thermal insulation in an evacuated O”tsl 

“CSS.1. The outer vessel hSd a large exit windo” 

EO”str”c~sd Of 0.4ma mylar spanning the entire length Of on* 

side and the upstream f&e, to sllow for the incoming besm 

S”d the lairqe angular range Of the outgoing scattered pions. 

moeher window at the downstream end alloved the outgoinq 

proton and the ““interacted bean to **it from the target. 

me target Yessel YSS filled frm a reservoir above the 

target which contained hydrogen lbq”ifiSd by s Small helium 

rafrigerator. 
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All sides Of the targee e”C1cm”re. excluding the 

“hdcwS , were cavered by veto counters to improve rejection 

Of inelastic *nteractions. Additional veto co”nters ,SOlW 

preceded by a thin lea.3 sheet1 were a190 lacated dovnstreaa 

Of the target lsee Pigures 5 and 71. 

d. FOCWdTd spectrometer 

Tra,ectory and momentum information on the forward 

going proton vss provided by tour sets Of MWPC’S located on 

either side Of an analysis magnek as show” in Figure 5. me 

t”O chambers W3,WI) locsted between the target an-3 the 

m.gnet CoOsiSted Of one x an.3 y plane each, tile two behind 

the maqnet IW5.W6,, one x plane each. Lateral wire spactng 

tar a11 planes Ye.8 2mn and the chamber sizes were alvaya 

.“Ch t!ls.t they did not constitute aperture linits. t4omtntun 

nass”re*ent was by nleana Of either one oc two standard 

Fcrmilab BH109 analysis magnets. ESEh msgnet ha3 a gap of 

6’ x 21” and a pole length Of 72.. 

I” order that resolution and acceptance could be 

m*intaine.3 over ttle desired mOment”l range from 30 to 90 

OS”,C, eT0 experimental Isyoues were used. I” the first 

,skmm in Figure 5,. for aata ta*inq at f30 and t30 Ge”,c, 

th* overall spectrolneter length YSS 30 meter.9 with a single 

analysis magnet located I.1 meters tram the target: its 

aaqnetic field integral YSS 1337 !&-inch for both incident 

mom*nta, which provided a momentum resolution 
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The scattering angle resa1ution. be, Of this arrangement wss 

to.34 milliradians. 

I” the second Layout, uSed for additional running at 

-50 GS”,C. and for runnlnq at t70 and -90 Ge”,C, the overall 

spectrometer length vi)* increased to 60 meters. TWO 

analysis magnets, located a distance Of 31 Meyers ICmn tile 

target, vere used to obtain aa desired momentum resolueio”. 

%eir magnetic field YSS scaled with moine”t”m to ProYide the 

same reaolutlon St each n!olnent”r9, with a total field 

integral Of 2546 !a-inch se 90 ch”,C. This geometry had 

mmne”t”m (dP,P) an.3 scaittCli”g angle resolutians of *0.1\ 

an.3 *0.110 mr reapectlvc1y. For both layouts, the forward 

spectrometer acceptance for b.sCkvsrd e1astic scattering was 

“Cl1 matched to that Of the backvsrd spectrometer. 

The forwsrd spectrmnete~ contained two hodoscope planes 

of eight scintlllatlon comters each. lc.CS.%d downstresm Of 

the analysis magnet (F”. FE in Figure 5, to provide scme 

decernination of the scattering angle and momentum of the 

forward particle. The P CO”nterS were placed SldS by side, 

while those of the P* hodoscope partially overlapped. The 

elements of each hodoecope were located such that s sislple 

cofncidence between s given element in P” an.3 the 

corresponding element I” PO signaled .s particle 0-f a 

scattering angle and mome”t”m consistent With an elastic 

*tatter. The counter sires are given in Table 2. me 

app~oximata resolution of a pair of elements was -5 and -3 

mr for the low an.3 high monentum geometries respectively. 

carrespnding to a nomentum resalution. F = Z138, The 

infornstlan from this t*Lscope, together with that from the 

bs.Ckward spectroneter hodoscope. provided me kinematic 

constraints in the trigger in order to heavily favor elastic 

rc*ttering. 

R 1.5 meter diameter, nine meter long nitrogen gas 

filled cerenk.ov CO”neer CF, was also located in the 

*ownstrean psrt Of the forward spectrometer. *ts pressure 

xs* set ,ust below the threshold of tile highest mmentum 

pc.Jton expected from a” elastic scatter, to Veto forward 

pions. The counter was most useful in the n+ cunning. where 

an inelastically forwsrd scattered 1+ often could closely 

resemble in kinematics the proton from s bactward elastic 

SCStter. I” this csse, the trigger rate was typically 

rsduced a fs.CtOr Of 70 by including the Cerenko” cO”nter in 

“*to. POT 1- runninq, * forward scattered II- w*s defleceed 

in the oppsite direction by the analysis magnet from an 

cls*tlcally scattered proton. and the Cerenko” counter veto 

only redufed the trigger rate by 1.6 in this case. 

The Cerenko” light produced in the counter YSS focused 

by tour adjacent spherical mirrors mountac7 at the downstream 

*n.3 onto the 1.5. photoCathode Of S” RCI\ ,100OH 

phOtO0l”ltiplier. P.rtic1cs leaving the cO”nter hSd to 
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MWPC’S were used to define particle krajectories 0” 

either side Of the analysis magnet. “pstream Of the magnet, 

harisontal trsck psition vss determined by 2 planes Of 

vertical wires with Znm spacing. sepa~sted by 13an7 vertical 

position by 3 planes Of horirontal wires al*0 with 2mm 

spacing and separated by 13cm and IOcm. The chambers were 

aligned and fixed in a cradle attached to the front tace Of 

tile maqne~; this CmlpsCt confiquratlan permltttd close 

placement of the analysis magnet to the target in order to 

maximize acceptance. me analysis nlaqnet aperture was 183cm 

x 4&m with a pole length Of 46Enl) ies centra.1 field Iv** 1.2 

kG with an effective field integral Of 125 K-inches. me 

nqnetic field polarity depended on incoming pion polarity 

an.3 vss S”Ch that the backward elastically scattered pion 

YSS alllays bent avay from the incident beam. An incident 

ban channel in the magnet return iron alloved the magnet to 

be positioned to naximfse the pian scattering S”gle 

SCC*ptS”Ce. The field in this channel introduced a slight 

deflection in the incident beam direction which was meas”red 

during calibration runs and corrected in the analysis. 

Behind the magnet, Only the horiEO”tsl tra.zI( projection wss 

n.s*urea. using t”O planes Of vertical wires. wire spacing 

in the planes *as *mm with adjacent vires joined eqether, 

yisL3in.g an effective spacinq Of Inun. The distance between 

planes vss 240cm. TO SCCOmmOdate the large angular range Of 

th. backwsrd scattered pions in the lsbo~*tOry, these planes 

*actI consisted Of severs1 individual chambers positioned 

side by side; two in the first plane, three in the second. 

ThC chamber frsmes were overlapped to Iinimize holes in the 

SCCSptS”C.5. Honte Carlo calculation showed this effect to 

bs smeared I” ” due to me finite target length and the 

acceptance was corrected accordingly. The sensieive sreas 

Of s.11 wire planes were sufficiently large that they were 

not aperture limits. 

Located behind the final MWPC plane vss 6 hOdO*COPe 

k?1-s12 in Figure* 5 and 7,. It consisted Of 24 

.cintillation counters 11” wide x 12. high in s 2 high by 12 



wide acray. The pion position measured by this hadoscope 

gave approximate information on the pion mxnentum and 

scattering angle ~asa”ming it to be elastics. ThiS 

‘“formation was then used with eat from the forward 

spectrometer telescope in making the trigger decision. R 

single counter near khe target (So in Figure 7) was put in 

coincidence with most Of the s counters to help e1ilninate 

background triggers from particles not coming from the 

hydrogen tsrget. The time between beam arrival d”d the 

signal in a psrticu1ar hodoscope elemenk wss measured using 

pime-to-digital Converters (TDC’S, SD.3 recorded tar each 

event. This information proved “sef”1 In the off-line 

analysis in eliminating those remining accidental triggers 

not originating in the target. 

f. Fsst LcxJfC 

me fast logic system rapidly identified events where 

khe trajectories Of both particles frm the hydrogen target 

were consistent with those expected far an e1aatlc event. A 

simplified block diagram is given in Figure 8. 

A beam pion YSS identified by the coincidence 

B.B1B2AC”. TO minimize backgro”“d L” the MWPC’S, a besn pion 

,a* acceptsa Only if it was not accompanied by a second bem 

particle viein t25 ns. A Signal from an element Of the 

S-hodoscope at me correct time following B* defined as 

BS.B.So. (Sl+SZ+...S1*l, indicated that a particle had 

merged frcm exe target and passed through the backward arm. 

I*0 vss only used for channels s3-o12). The BS signal wss 

used as s pretrigger which temporarily disabled the 

experiment and stored the MWPC and S-hodoscope information 

in latches until the signals from the forward hodoscopes and 

Ccrenko” counter were receive.3 and processed. Typically 1 

bSsm pion in zoo0 resulted in a BS pretrigger. The 

individual coincidences BSoSi were also formed an.3 sent to 

delay lines tar later use in forming the final trigger. 

Following .a delay Of ““400”s. the forward hodo*Cope 

signals were received and the coincidences Fi . i-s . Ef 

(1.1.8) were farmed. At this point. the kinematic 

constraints were imposed. me signal BSP, defined as: 

BSP = z *siAijPj 1 = 1.12; j = 1.8 

where Aij . 8X12 matrix Of O’S an.3 I’S 

*as formed pi” s hard-wired coincidence nlaei-ix using 

co,lm.rci.1 fan-ins, fan-outs a”d.co,“cide”ce circuits. This 

.*tri* contained all Of the correla~iona between elements Of 

the forvard and b.sCkward hodo*COpCS for b.CkYsrd elastic 

cwents; the corre~ationa were determined by Monte Carlo 

simulation Of elastic events in the apparatus. and changed 

with incident monentum. li BSP siqnal kh”S indicated that an 

auenlz had a hodo*cc.pe hit pattern consistent with that 

crpstd for SD elastic eYe”t. although such patterns could 

a1so OECU~ from fnelastic scatters vhoae’t‘nematics were 

close to el.stfC, and from interactions Occurring upstream 



me PWC’S were each CO”str”Cted of two sets Of wire 

planes built on aluninum reinforced G10 frames. Anode 

(signal, wires were 0.025 mm gold-plated t”“gsten. and 

cathode wires were 0.076 mm silver-clad beryllium-copper. 

The gap between anode and catllcde YSS 5.4 Inn. The qas wss s 

mixture Of 808 argon. 19.9% co2 an.3 0.1% freon 1381. 

Typical operatinq ~oltagss were 4-1.5 KV. 

The readout system v*s based upon the Nevis Laboratory 

design Of Sippach(Z*’ an.3 USed amplifier,discrini”acor cstds 

mounted on the P”C’S feeding long stripline delay cables. 

These cables in turn fed into coincidence registers (located 

I” the experimnt counting area) which were gate3 by signal* 

from the Lsst logic. The PWC’S contained a total Of 4300 

*ire*. 

III. ml-I\ ANALYSIS 

*. I”tPD3”CtiO” 

The data from the erperiment were analyzed on the 

rcrmilab cot-6600 computers. me analysis procedure for 

es& event included the geometrical reconstruction, during 

which msny ob”io”aly non-elastic eYe”ts were excluded. 

Lollmlcd by the calculatia” Of several kinematic variables 

“hkh *et-e a measure Of hml nesr to elastic the eYent wss. 

El.*tiC .YC”~S wcr* finally sC1CEted by nsklng th* 
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appropriate cuts on these kinematic “ariables. since the 

cross sections (and hence Statistics) were small, particular 

attention was given to making me analysis prograIn ss 

efficient as possible in extracting elastic events from the 

data. 

b. necanstruction 

me first stage Of the analysis began With the 

geometrical reconstruction in the bsckwsrd spectrometer. 

Tcscks vere first reconstructed in the hacirontal IX, 

projection in front Of and behind the analysf* nagnet. POT 

this to be possible, at least 3 Of the 4 MWPC x planes in 

the backward arm hSd to record at least one Ilit. ProIn the 

measured efficiencies Of ,the chambers. ,sfs Of the pions 

from elastic interactions had trajector‘es which Could be 

reconstructed. Events were divided into two groups: those 

in which all 4 x-planes recorded at least one hit, and those 

in which only 3 of 1 x-plsnes recorded hit*. 

For events in the tirst group, s track was formed by 

joining with a straight line s hit in one x-plane with a hit 

in the otter an the same side Of the analysis magnet: it 

planes had mare than one Ilit, all combinations were used to 

produce a set ot tracks. This procedure was used to 

reCO”Str”Ct tracks 0” both sides Of me analysis magnet. TO 

reduce the “““her Of tracks which did not correspond to true 

charged particle trajectortes. a trsck behind the analysis 

magnet vss accepted only if it extrapolated eo an 

S-hodoscope ele*ent which had recorded a hit. If no track 

*as accepted. it YSS assumed that one of the planes failed 

to record s true hit but contained spurious accidental hits. 

The event was then reclassitied into the second group. 

For events with only twc. hits an one Side Of Ihe magnet 

an.3 one 0” tile Other, tracks from the two-hit side were 

traced through the magnetic field to the hit on the opposite 

side by varying the C”rYst”ce (mone”t”m, Of the track 1” tile 

Li*ld region. All possible ccmbi”atio”a were tried and 

agsin Only those trsoks behInd the msgnet which extrapolated 

to an S-hod08cope element which was hit YS~S considered 

vailid. 

Either procedure described above produced two sets OL 

trscks, one before and one after the magnet. Tracks from 

each set were paired with the requirement thst Hey meet 

*ithin the magnet volume, and the momentum II** calculated. 

The evene w*s required to have a track Chat pointed back to 

the liquid hydrogen target. and hSd the correct sign 

momentum. The TDC information was used to insure that *t 

had the proper time Of flight tram the target to the 

S-hodo*cope for an elastic pion. 

Tr.EkS were reconstructed in the VertiCSl (Y) 

projections before the magnet, vie the requirement Of hits 

In at least two of the ehree chambers. Events meting all 

oL the criteria described so Zsr were recorded on a data 
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proton scattering angle, 8:. were determined by requiring 

only a hit either WI or “5. The verticsl projection of the 

angle, 6, was calculated using the target YerteX and either 

WI or w3. This procedure for determining the proton 

scattering angle minimized the number of events lost because 

of possible chamber inefficiencies. R kinematics program 

use.3 the inci&ene pion mOme”t”m and the b.sCkYSTd scattering 

angle, en, to predict the mmnts of the backward pion and 

forward proton, P; and P;. The proton erajectory downstream 

Of the analysis naqnet was calculated using ‘6 and the 

reconstructed proton km.2 between the target and the 

analysis magnet. The event was rejected if the trajectory 

did not intersect the hodoecope elements in F” and FE “htch 

were involved in the trigger. 

In anticipation of cuts which would be applied later, 

the variables X”, bP*. ey and b’ir6 were CalCUlated and 

recorded during the second stage of analysis. me first 

qusntity LB defined ss 

P -P’ 

=I! 
“11” 

p .pv 
” ” 

and u,ea*uree the discrepancy between the measured and 

predicted scattered pion nmmentum. It hSS the property that 

th* width of the distribution of elastic events in x1 is 

constant for all scattered pion monenta, allowing the final 

elastic cut on this variable to be the same for all 

summary tape for e”rtheE analysis. This first stage 

analysis eliminated ..- 90% Of the raw triggers. 

I” the second stage Of the analysis, incident bean 

tracks and tracks in the forward spectrometer were 

reconstructed in bath Y and y projections. For the beam 

trSCk*. information from both beam chambers was used unless 

there was no w1 chamber hit due to inefficiency. tn the 

Lstter case position information from the w2 chamber was 

used and the nominal beem direction v.ss assigned to the 

trsck. me to the small divergence Of the beam, this 

procedure introduced negligible error. A hit in w2 was 

always required. Each beam track YSS extrapolated throwI 

the channel in the backward spectrometer naqnet, taking into 

.CCO”“t the fringe field in the channel. It !#a* the” paired 

with a CeCO”Str”Cted tre..cI( tram the be.ckward spectrometer. 

and the target vertex coordinates ss well .ss the x and y 

projectlo”* Of the backwsrd pion scattering angle were 

Calculated. 

For the toward srm upstream Of the analysis magnet. 

tracks in the x projection were reconstructed using w4 and 

the target verte*. w3 vss not required but vss included in 

the fit if it had s hit. f” the event that Hlere was no hit 

I” h-4, the track was constructed using a hit in w5 and 

extrapolating bSCk through the magnet eo the target Yec’te* 

assuming its momentum to be elastic. Thus. the existence of 

a valid forward track and the horizontal projection Of me 
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scattering anqles. The second and third quantities are 

tra”s”erse mome”t”n imbala”ces defined by 

C. event Selection 

After the e”e”tS were reconstructed, histograms were 

made Of the “umber o* events Yersus the Yariables XT, dP*, 

APy an.3 &xw6. Emmples are show” in Figure= 9-12. I” the*. 

Figures, the ““shaded histograms show the “““her OL eYe”t, 

before any kinematic CUtS were applied. These plots a11 

showed me same characteristic feature Of a Sharp peat about 

the ,e*pected) value zero , containing the elastic evenks. 

superimpased 0” .s rattler SmOOth backgrc.““d Of Lnelastlc 

events. f” the histo9ram Of X”, show” in 7tgure 9, the 

inelastic background, ss expected, is mostly to one side Of 

the peak. since the mo.e”t”m Of an inelastically scattered 

pion is .slways less than that ot an elastically scattered 

pion at the ea”e angle. The width Of the peak directly 

reflects the “Ome”t”m resolution Of the bCZ.CkWSP3 

SpSCt~OlMteC. 

The final selection Of elastic events vss Inads by 

choosing those events which fell within a prescribed 

inter*a1 *bout the elastic peak in each OL the 4 variables. 

The limits of this interval for a given variable were 

determined by observing the width of the elastic peak in the 

variable after all oc tile other C”tS were made. me shaded 

~ht.tr0gra.5 in figures 9-12 *Ilo* Hle number Of evenes 

remaining after the CUtS on all variables except the one 

plOtted. 

The events sccepted by the elastic cuts were ueed to 

generate a final histogram of the “umber Of events versus u, 

*itll the value Of ” for each event C.k”l.ted from the 

ecattering angle Of the backward pion. Events in this 

histogram CO”si*ted Of the true elastic scatters together 

*it!l a small background Of inelastIc events under ttlc 

.sla*ti.z peak. 

d. lnelsstlc Background 

Inelastic background in the final data sample we,* 

eelc”late.3 using the distribution Of events I” wle variable 

x1. From a histogram similar to the lower CUCDS of Figure 9 

(the distribution Of events surviving the elastic C”tS on 

all the variables except X,). the background OUtside the 

elastic peak was found to be approximately flat for positive 

X”, sn.3 to eventually fall to sero tar negative X”. TO 

determine the anount ot backgrO”“d beneath the elastic peak. 
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the assumption was made that it varied linearly from its 

level on one side of the elastic peak to its level on the 

okher. A *SO% systematic error in the background we.* 

‘“duded to allow ior uncertainty in this procedure. me 

distribution af inelastic events in u was then determined by 

histograming the u values Of eYe”ts Which Sat‘sfied the 

elastic cute on all variables except x,. Assuming the 

inelastic events beneath the elastic peak had a similar 

distribution in u, a subtraction of the background could 

then be made. Since the statistics in this histogram were 

generally poor, ~luctuationa of the background level in u 

were smoothed out using a simple fit, Some checks of these 

procedures Were made by selecting inelastic SYentS from 

outside the elastic peak. Within limited st.tistiCs, they 

were show” eo ba correct. 

POT the n- dab. the background Subtraction was always 

1css than 10% at 30. 50, an.3 70 Ge”,e, but increased to **se 

St 90 c&“/C for -uz 0.25. POT 1+, at 30 and 50 Ge”,c and 

near u-0 for 70 WY/C. the SUbtrsCtiO” again “eYer exceeded 

10%. !4ouever, ac 70 GS”/C, in the region Of the dip and 

bSW”d (-“10.5, the backgco”nd became equal to the signal. 

I” thie region, only upper limits are quoted for the croee 

section. 

Qua*i-tvo-t”3dy reactions such as np*wn. N’.Pl’ and 

nprt4p. 0+11= may not be Correctly subtracted by the process 

described above. AOWeYer, a w3nte Carlo st”dy showed mat 
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under 1% Of such reactions would have decay charged 

particles falling within 0°C analysis CUtS. *round 10 

Gs”,c , these reaceions have cross sections similar to 

elastic scattering,(29*3~’ and since they are also baryo” 

exchange processes, we would expect this to be .s1*0 true for 

nomenka between 30 and 90 @V/C. They ShOUld therefore 

contribute a negligible background to our ht.*. 

e. Corrections and Acceptance 

The measured croes sections were corrected for muons 

and electrons in tile pion bean? (1.5-12.78,; more than one 

beem particle in an r‘f “bwket” (2%); absorption in the 

hydrogen target, air, Cerenko” counter mirrors. MWPC’S, and 

counters ,008,; and accidental Yet09 Of elastic events by 

d*lta rays produced in tile target (4.9%). 

The qeoaetrlc?J acceptance or the apparatus at each 

incident momentu1P. va* determined by a nonte car10 program. 

mastbz events vere generated L” the hydrogen target and *he 

scattered particles propagated khrough the spectrometer *ma 

with ““leiple scattering included; measured incident beam 

parameters (monentum Spread, dfvergence and spot size, Yere 

“Wd. The probability Of detecting an eYe”t was calculated 

a* a tunction Of “. The 30 Ge”,c accepkance CUrYe is Show” 

in Figure 13; cur‘Ve* iclr the other incident mcmenta ace 

SilBil2.r. Because the overall acceptance was essentially 

determinea by the fixed vertical acceptance ot the 
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S-hodoeCOpe taunters, the accept.ence cur”= exhibits an 

approximate (sin qabl-l dependence expected for this eype 

Of geometrical constraint. 

Nwpc efficiencies, measured during special calibration 

runs at various times during the data taking. varied between 

85-989 depending on the chamber. Chamber response S8 .s 

function Of time YSS very stable. 

The efficiency Of the analysis program for ide”tifyi”g 

elastic events s8 a function of u was measured using Monte 

car10 generated eYe”ts. Included in the ensne generating 

procedure yere the effects of MWFC spatial resolution, WC 

efficiency, multiple coulamb scattering. incident hew phase 

space and scattered pion decay. TO a.CCO”“t for the effect 

of the additional random background hits present in the 

UWPC’S and hodoscopes, real data take” at random times 

during the beam spin were added to the Monte CSClO 

generated elastic HWPC and hadoscope at*. The resulting 

.sYe”~* were the” processed by the analysis program. 

Includinq the effects mentioned above, between 78-861 Of the 

elsstic events were identified as such. Most of the event= 

aat were not identified as elastic lacked sufficient MWPC 

deta due to the measured Chamber e*Licie”cies included in 

the prcqram. If the chambers had bee” 1008 efficient, the 

prcqrsm would have identified 9388 of the *ante Carlo event= 

an being elastic. 

Radiative corrections were calculated “Sing the 

procedure outlined in nefe+~ces 31-34. For n+p scaktering, 

the correction YBS negligible: for n-p the correction 

changed the overall normalization of the differential cross 

,ections by a factor 1.14-1.18 depending on “omenturn. The 

correction was *“dependent ot scattering angle. 

several runs were taten with the target empty to 

determine the contribution from eYe”tS not originacing L” 

the liquid hydrogen. It was LO”“d to be negligible. 

I”. IUSOLTS 

me results are presented in tabular form in Tables I 

an.3 5. and graphically in Figures 14 and I.5 ,together with 

some earlier results,. me errors quoted are statistic.s1 

an* represent one standard deviation. For those bins I” 

“hi&l “0 signal above background was found, the croee 

sections are given as upper limits and represent 90% 

confidence levels. Because Of uncertainties in the 

previously discu8eed corrections, the uncertainty in the 

overall “omallzatia” Of the Eros8 sections is estimated to 

be t159. 
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E (P. u-0, = w-n 
d” 
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between 4 and 7 (Gev/cl-2 for this experiment (see Fig"rC 

16,. It should be pints‘3 O"t that kheir data covered a 

much narrover " range than ours, hence their fita verc 

limited to the reglo* very close to U.0. The passibiliry 

that a real physics effect near u-0 leads to a sharp peak in 

the "- distribution Cannot entirely be ruled O"L. "auever 

our data, particularly St 50 cev,c. da not support this 

hypothesis. Statistically. the sabae" et al. "Sl"SS Of B 

are s2 - 2.5 standard deviations from the "S1"SS expected by 

interplatio" trmo Other data, ss seen in Piqure 16. 

b. Disc"ssio" 

AS vss lnentioned I" the Introduction, nany Of the 

feat"res Of both n+p and "-p bsckwsrd el*stlC scattering 

between the res0nsnce region and 20 cev,c can be explaind 

by a simple Reggeized baryo" sXEhainq* model using only tlls 

N" an.3 As tra,ectories. WC find the same to be true tar a* 

&St* obtained by this experiment betYes" 30 and 90 GS",C. 

I" the "odel, the dipi" the n+p differential cross section 

St -u = 0.15 occurs because the anlplitude Of the N" 

trajectory, sss~msd to dominake this process. vanishes st 

this " value. since in n-p scattering, the exchange Of a* 

nucleon trajectory cannot occur, s dtp is "either expected 

nor seen at this " YSl"S. 
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*St~SpOlStfO”, the prediction for the mOment”l at which the 

“- CROSS section bSco”SS larger than I+ becomes s400 CS”,C. 

For both n+ and n-, the observed shape Of the ” 

distr,b”tions are in reaso”able agreement with predictions 

made se”eral years ago from the simple Reqge nodel(l~‘: this 

is illustrated in P‘gure 20 for our 50 GS”,C data. 

C. Phenome”alogical Fcegge MOdSl Fit 

since publicstion Of 0°C preliminary data,(*’ an 

analysfs ot a11 backvard scattering res”lts including ours 

hSS been carried out by “Ir and starrow’~5) based upon their 

cs.r1ier analyses using data up to 20 GSV,C. (19, I” 

p.~tiC”l.~ they evanined the cansistency Of the lover 

IIlm*“t”m results upon Which ttlc predictions to higher 

nomanta sre based. They also included polariration dS.tS in 

th*lr fitting. 

AS tn.9 been note.3 in tile literature DYer the psst 

savsra1 years. there are dlsagreenents in tile absol”te 

“arnalirations quoted for the different experiments below 20 

cav,e . This leads to disagreeme”ts in the predictions for 

higher mome”ta, since the p.Csmstsrs Of the node1 “ill vary 

sECc.rdi”g to which lo* nlon!ent”m &St* are used. 

Their model has three negge exchsnges, with the NT 

added to the twc. us have discussed earlier. me three 

trs,ectories are 

Ng: UC”, - -0.37 + 0.90” 

experinents. The results Of tile fits, expressed in terms Of 

O(U), are show” in Figures 18 and 19 for ?T- and .+ 

scateering respectively. 

WC “-p scattering. a linear least sq”ares fit to tllc 

effective trajectory gives a(u)=-(0.06t0.05) + ~0.50t0.26~~ 

for the 5-90 GSV,C data. and a~“,=-~O.ll’O.lll + 

~0.67*1.04l” ear fits to the 30-90 cev,c data Of this 

experiment only. These res”lts are consistent with the form 

of the A6 trajectory. atul-0.0 + 0.9~. obtained from Reggc 

eits at lower energies.‘=.19 The u-0 intercept Of WI* 

effective trajectory gives the monentum dependence Of the 

cross section an/au St u-0 Of P*“(o)-* = p-2.12, ClDSS to 

the p-z.0 predicted by the model. 

For n+p sEsttsri”g, WC find the linear fit to kh. 

effective trajsctory of the 5-70 &v/c dats (omitting 

Reference 22 ss discussed earlier,, o(“,--la.15*0.06, + 

(2.24*0.25,“, to be someuhat steeper in ” than expected for 

the N” tra,ectory, which from low energy negge fits is 

parameter*aed ss 0(“,=-0;37 + 0.9”.(18.19’ BOWeYer, YS IhI.3 

the effective trajectory deriYed in the range 30-70 CS”,C 

fron the data Of this experiment only, 0,“1=-~0.37’0.11, + 

(0.58*0.50,“. to be in better agreement. The higher u-o 

intercept ot the eefeCti”e trajectory from the S-70 cev,c 

data, 0(“,=-0.15, gives .s moaent”m depe”de”ce for da/d” St 

u-0 Of p-2.31 ss opposed to the p-2.7 depende”ce predictad 

by the model. If YS use this e-2.31 parameteriEatio” for 
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NT: = -0.43 + ll.90" 

6*: 0.90" 
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v. CONCLUSIONS 

we haYe neasured rep bsckwsrd elastic scattering 

tmtween 30 and 90 cev,c. The data show ttlst eeatures ot 

this process ObSsrYed at lover mOmenta continue to be 

present in this *ew lncme"t"m range. hmng the obser"atio": 

s.re: 

(1, do/d" hilS S" exponential shape near u-0 car both "+p 

and n-p. 

(ii) m/au at u-0 falls ss F" for both n+p and w-p. 

(iii) The dip L" do/a" tar n+p St -u s 0.15 is still present 

se high nwmc"ts, 

(iv, mts from Serpukho" on n-n-n-n (isotopically eq"i"alent 

to n+p-n+p) at s25 and 10 GSV,C are inco"sistent with 

our dSta and a11 other nfp data. Their ".1".* Of tile 

expone"tial slaps for "-p scattering sre Z-2.5 standard 

de"iations higher em" consistent With other dS.tS. 

(V, Fteqge models are able to fit me "SW data. we hS"C 

show" simple Regge fits to prc"io"s dsts an.3 the "SW 

dsts presented here. we hSYS commented o'! -s nor* 

comprehensi"e analysis csrried Out which incl"acs 0°C 

r3sts.i WhilS sane (not unexpected, modificatlans have to 

be made to the simplest Regge ideas, I" general the 

res"lts provide supptt to the *eggs model. 
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TABLE 1. 

Summary of oats Take" 

Momentum PiOIlS 0” 

(Ge”,c) Target 

30 25.5 x 10’ 

50 45.4 x 10’ 

70 49.6 x 10' 

30 33.7 x 10' 

50 88.6 x 10' 

70 58.3 x 10' 

90 43.0 x 10' 

went 

Trigger* 

130 x 101 

263 x 1U’ 

621 x 10' 

256 x 10' 

271 x 10' 

305 x 101 

233 x IO' 

Elastic 

Events 

100 

62 

14 

142 

121 

31 

13 

TABLE 2. 

Scintillation Counter Oimensions 

HOriZOntail x vertical. Typical sines for hodoscope 

elements are given when not 8.11 identical. 

El. 82 2” diameter circular 

A 5.5” x 5.5” with 2” diameter circular hole 

si 11- x 12" 

P 2.75" Y 7.5" 

FB 9.38" x 14.5" 

TABLE 3. 

Typic*1 rates during the experiment 

Be* pions per accelerator cycle 1.5 x 106 

BS pretriggers per accelerator cycle 750 

"aster triggers per acceleratoe cycle 10 

mastic events per aCCelerator cycle 2 x 10-a - 8 x 10-x 



TABLE 4. 

Differential Cross Sections 

"-p-plr- 

Statistical errors only are listed; there is an SdditiOnSl 
over*11 normalization uncertainty of f15%. 

Incident 
"OmentLun 

(Ge",cl 

” P” ao,au 

(Ge”,cl* (Ge”/cl* “b 
0 

Error 

* 

53.1 
33.2 
27.4 
29.3 
30.9 
24.5 
22.1 
19.9 
13.6 

13.6 
11.4 
11.2 
11.8 

8.6 
a., 
3.5 
3.1 

7.4 
4.1 
3.3 

7.6 
3.9 
3.8 

30.0 

50.0 

70.0 

90.0 

+0.004 
-0.010 
-0.035 
-0.070 
-0.110 
-0.155 
-0.210 
-0.285 
-0.380 
-0.480 

-0.004 
-0.025 
-0.060 
-0.105 
-0.160 
-0.240 
-0.340 
-0.440 

-0.013 
-0.100 
-0.250 
-0.400 

-0.014 
-0.100 
-0.250 
-0.400 

0.008 225.2 
0.020 172.5 
0.030 125.4 
0.040 124.2 
0.040 111.2 
0.050 85.0 
0.060 86.9 
0.090 53.6 
0.100 33.2 
0.100 < 23.4 

0.013 55.8 
0.030 62.7 
0.010 60.0 
0.050 49.9 
0.060 30.2 
".I00 10.7 
0.100 6.0 
0.100 3.1 

0.024 20.8 
0.150 15.8 
0.150 8.1 
0.150 c 9.5 

0.023 15.2 
0.150 9.1 
0.150 5.1 
0.150 < 7.8 

TABLE 5. 

Differential cross Sections 

“+p+pn+ 

Statistical errors only are listed: there is an additional 
over*11 nozlna1ization uncertainty of ?15%. 

incident ” 
nomentum 

30.0 +0.003 
-0.011 
-0.030 
-0.075 
-0.115 
-0.250 
-0.350 
-0.450 
-0.550 

50.0 0.000 
-0.014 
-0.042 
-0.080 
-0.135 
-0.215 
-0.305 
-0.400 
-0.500 

70.0 -0.011 
-0.015 
-0.120 
-0.245 
-0.395 

fi" 

LGe",ch 2 

0.011 
0.018 
0.020 
0.070 
0.090 
0.100 
0.100 
0.100 
0.100 

0.008 
0.020 
0.036 
0.040 
0.070 
0.090 
0.090 
0.100 
0.100 

0.018 
0.050 
0.100 
0.150 
0.150 

dO,d” Error 

nb “b 
(GeV/ci IcavP 

351.1 
370.1 
176.9 

66.1 
<12.3 

18.6 
54.1 
56.5 
17.4 

96.9 
65.2 
40.4 
11.9 

5.8 
11.8 
12.1 
10.9 

6.0 

26.6 
12.2 

-c 4.4 
( 3.3 
c 6.3 

62.6 
51.1 
43.5 
17.1 

9.3 
19.1 
23.1 
n.4 

25.9 
15.8 
11.2 

6.8 
4.1 
5.3 
5.6 
6.3 
6.0 

9.7 
5.1 



FIGURE CAPTIONS 
TABLE 6. 

Exponential Fit Of Backward Peaks 

Incident A B 
Momentum 

lGe”/c, “b cmv,c, -* 
lGe”,e, 1 

+30.0 333.8 * 13.4 
t50.0 96.7 t 18.9 
+70.0 36.8 t 15.7 

-30.0 175.0 * 20.0 4.37 2 0.78 
-50.0 73.2 i 8.8 6.89 i 0.92 
-70.0 24.1 + 6.6 1.71 t 1.91 
-90.0 16.1 i 7.5 5.07 f 1.01 

rigure 1 pion-proton backward elastic FEpttecing at 7.0 
Ge",c: data tram Baker et al. 

Figure 6 s~chematic arra?geaent Of the Fermilab “6 besm. 

Figure 7 BSCkYS~d speerroneter layout. 

risurc 8 Simplified fsst logic systea. 

*igure 9 N"mber of e"snts as s function at x for 90 
ce",c n-p data. me shaded hiStO&m Shows 
the number Of eve"?* after cuts 0" APX. @Y 
and hS6. 

Figure 10 Number Of event+ ss s function Of bP for 50 
Gev/c n-p data. The shaded histro$rm shmvs 
the number Of events after C"tS on X", bPy and 
%s. 

Figure 11 Number Of events ?.s s function Of AP for 50 
Ga",c n-p data. The shaded histo$ram shcws 
the "umber Of SYentS after cuts on X", bPX and 
bZ16. 



Figure 12 

Fiqure 1' 

Picure 14 

Figure 15 

Figure 16 

rtgure 17 

Figure 18 

L=igure 19 

49 

Number Of eYelIt* ss a t""Ction Of A 
cev,c n-p dats. me shaded hist~~2:ho:: 
the "umber Of events after C"tS 0" x,, m* and 
APy. 

P.ppsrstus acceptance tar 30 WV/C q”~“~l A180 
shown as a dashed line is a ,Si" Blab) CUIVC 

Which is the expected acceptance for a fixed 
vertical aperture St the Sle12 hodoscope. 

Res"ltS of this experiment for ttm 
u-dependence Of ao,au for n-p backward elastic 
scatterinq: uppr error limits are 901 
co@dence. Solid lines are fits Of tile form 
Ae to#g present data an.3 those Of pbse" 
et Sl. Results Of Owe" et al', are 
represented by s dashed line. 

R.S"l~S tar B. mta src shown from this 
experimnt and from Rererencas 1. G-10. 12, 
22, 23. ThC tllo 1lne* Shmm are fits ot the 
form B = 2 l"(F) + s constant to the data for 
each pion sign. 

Rea"lts for a.z,au St u-o. mts are show" from 
this experiment an.3 nsfercnccs 4. 6, 7. B, 10. 
12. 22, 23.~ The CurYes are the fits described 
in the text. 

The effective trajectory for z-p bsckwsrd 
elastic scattering, deriYed ss described in 
the text. The solid line is a linear fit to 
the dsts, the dsshed line is the expected A 
trs,ectory. a1 Dsts fran this exper*ment an 4 
References 4. 6, 7, 8. b, oses from this 
experiment only. 

The effective trajectory for n+p backward 
elastic scattering, deri"ed ss described in 
the text. The solid line is a linear fit to 
the dS.tS, the dSShSd line is the expected N 
trajectory. a) Dsts from this experiment an% 

50 

Refere”ces 4. 7, 8. b, osts frm this 
exprinent only. 

Figure 20 Cmmpsriso” between the 50 cev,c & data from 
this experiment an.3 those predicted by the 
simple Regge model discussed in Reference LB 
(solid lines). 

Figure 21 Fits to the n-p dS.tS Of this experilpggf using 
the Ile.gge mode1 Of Clir and Storrov. 

Figure 22 Pits to the n+p aat* Of th‘s expecirpyg using 
the ncgge model of Nir and 9tOr~w.l. 
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